Vertical coordinate information is referenced to the North American Vertical Datum of 1988 (NAVD 88).
Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
Elevation, as used in this report, refers to distance above the vertical datum.
Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (µS/cm at 25°C).
Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L) or micrograms per liter (µg/L).

Introduction
Elevated loads of salt and selenium can impair the quality of water for anthropogenic and natural uses. Large amounts of salt in water systems can clog and destroy municipal and household pipes and fixtures (Butler and von Guerard, 1996) . The Bureau of Reclamation (2009) reports that high concentrations of salt make it difficult to grow winter vegetables and popular fruits. To prevent lower crop yields resulting from reduced plant uptake of highly saline water, plants need to be irrigated excessively (Jenke, 1974; Butler and von Guerard, 1996 ; U.S. Department of Agriculture, 1997) . The cost of repairing damage caused by high concentrations of salt in the United States' portion of the Colorado River Basin ranges between $500 million and $750 million per year and could exceed $1.5 billion per year if future increases in salt load are not controlled (Bureau of Reclamation, 2009 ). The potential impairments to biological resources from selenium loads have been a concern since 1985 (Butler and Leib, 2002) . Selenium toxicity, resulting from rapid bioaccumulation of that trace element, is of particular concern for endangered fish species such as the Colorado pikeminnow, razorback sucker, bonytail chub, and humpback chub, and for other aquatic organisms (See and others, 1992; Hamilton, 1998 Hamilton, , 1999 Lemly, 2002; Leib, 2008) . Selenium toxicity has been shown to cause reproductive deformities and failure (Gates and others, 2009) .
Understanding the environmental processes by which salt and selenium are introduced into streams is critical to managing and mitigating the effects of their elevated loads. The term "salt" in this report refers to the mass of all cations and anions in an aqueous solution and is expressed in terms of load, which has units of ton per day (ton/d). Selenium is a naturally occurring trace element and can be expressed in terms of load with units of pounds per day (lb/d). The principal processes by which salt and selenium are introduced into the hydrologic environment are the dissolution of salts from porous media and the oxidation and mobilization of selenium from porous media by groundwater. Different types of bedrock can produce different amounts of salt and selenium. In particular, Cretaceous marine shales of the western United States readily contribute high concentrations of salt and selenium to groundwater (Seiler and others, 1999) . In turn, groundwater can directly contribute to streamflow and, as a result, increase the amount of salt and selenium in streams. Salt and selenium loads in streams draining the Upper Colorado River Basin of western Colorado, where Cretaceous marine shales are prevalent, are higher than in streams that drain other areas in the southwestern United States (Anning and others, 2006) .
The amount of salt and selenium in groundwater is related to the geochemical environment, the amount of water available to interact with bedrock, and the surficial area of bedrock material exposed to water. Salt will readily dissolve
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By Kenneth J. Leib, Joshua I. Linard, and Cory A. Williams into groundwater, whereas selenium requires an aqueous oxidizing environment to enter into groundwater (Butler and others, 1996) . Percolating water, from precipitation or irrigation, generally has more oxygen than underlying groundwater. As this oxygen-rich meteoric or applied irrigation water moves through the subsurface, it mobilizes salt and selenium. In most natural areas not subject to human influence, the amount of water available to interact with bedrock is limited by the amount of precipitation that the area receives. Percolating irrigation water increases the amount of water available to interact with bedrock and can increase the altitude of the water table, which in turn can increase the surface area of bedrock available to interact with water.
Irrigation in areas of the Upper Colorado River Basin of Colorado has become prevalent as land cover has been converted from native vegetation to agricultural crops. Irrigation water is brought to the area through a network of irrigation channels (canals and ditches) and is applied to the crops by one of several methods, which include flood and sprinkler irrigation. Percolation of water from unlined sections of the irrigation network and from water applied to fields (in excess of that consumed by crops) typically causes a rise in water-table altitude. The introduction of oxygenated water, the subsequent rise in the water table, and the prevalence of Cretaceous marine shales together provide an ideal environment in which salt and selenium can enter into groundwater flowing to streams Butler and others, 1996) . The effect of irrigation is seasonal, as previous studies have illustrated, and corresponds with seasonal salt and selenium loads in streams (Butler, 2001) .
Irrigation also can increase the amount of salt and selenium in groundwater and in surface runoff through its role in the development of efflorescent salt crusts. Infiltrating water dissolves salt and selenium from near-surface soils as it moves downward through the soil profile (Hedlund, 1994) . The volume of irrigation water commonly exceeds the needs of the agricultural crop, and some of the excess water evaporates. As soil water evaporates, efflorescent salts precipitate onto the soil surface (Laronne, 1977) . Surface runoff produced by subsequent precipitation or excess irrigation can dissolve the salt crusts or entrain sediments to which the salt is adsorbed (Johnson and Schumm, 1982) .
The complex subsurface and surface processes controlling salt and selenium loading of streams make it difficult for land managers to control these constituents. In order to limit salt transport to streams within the Upper Colorado River Basin, the Colorado River Basin Salinity Control Program was formed in 1974. As part of this program, the Bureau of Reclamation and the U.S. Department of Agriculture Natural Resources Conservation Service have spearheaded salt-control efforts within the area. The primary control projects promote the lining of irrigation channels, laterals, and ponds and help farmers establish more efficient irrigation practices, such as drip, sprinkler, or surge irrigation systems . However, identification of the areas that would benefit most from a control project is difficult because it is unclear which characteristics of the environment (such as geology, irrigation network density, irrigation application method, or the altitude of the water table) are most responsible for high loads of salt and selenium. In order to better understand the relations between characteristics of the environment and salt and selenium loads, the U.S. Geological Survey (USGS), in cooperation with the Bureau of Reclamation, investigated statistical relations between salt and selenium loads emanating from the Upper Colorado River Basin and corresponding geospatial characteristics.
Purpose and Scope
The purpose of this report is to present statistical relations between water-quality data pertaining to salt and selenium loads and geospatial data. The relations were developed by using data for 168 subbasins within the Gunnison and Colorado River Basins. A detailed description of methods used to select, process, and analyze water-quality and geospatial data are presented. Statistical relations between salt and selenium loads and geospatial variables were evaluated for irrigation and nonirrigation seasons. Geospatial variables that were found to be significantly related to salt and selenium loads were used to develop multiple-linear regression models of mean seasonal salt and selenium loads at the subbasin outflow sites.
Description of Study Area
The part of the Upper Colorado River Basin discussed in this report, herein referred to as the lower Gunnison River study area, consists of the Gunnison River Basin downstream from the stream gage below the Gunnison Tunnel (09128000) and the part of the Colorado River Basin from downstream from the stream gage near Cameo, Colo. (09095500), to the stream gage at the Utah-Colorado state line (09163500) ( fig. 1 ). The study area contains 5,899 square miles (mi 2 ), of which 3,963 mi 2 drain directly to the Gunnison River. Elevation ranges from about 14,153 feet in the headwaters of the Uncompahgre River to about 4,333 feet at the Utah-Colorado state line ( fig. 2 ). The study area is considered to have an arid climate, and for the period 1961 through 1990 the average annual precipitation was 19.3 inches (in.) (Daly and others, 1994) . Areal distributions of the mean annual precipitation during the irrigation season (April-October) and the nonirrigation season (November-March) for the period 1961-1990 are shown in figure 3 . Historically, agriculture has been common in near-stream areas, and during the period analyzed in this study, it occupied about 7.3 percent of the study area (TechniGraphicS, Inc., 2004) . A dense network of irrigation channels provides water to growers within the basin, facilitating the conversion of areas of natural vegetation to agriculture ( fig. 1 ). On the basis of results of this study, the amount of applied irrigation water can vary considerably within a subbasin depending on the irrigation method and can be as much as 60 in. annually. Soils in near-stream areas and agricultural fields are dominantly derived from Mancos Shale, which is a Cretaceous marine shale occupying 1,090 mi 2 , or 18.5 percent of the study area ( fig. 4) (Day and others, 1999) . 
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Methods
Water-quality data and geospatial data were obtained from publicly available databases. Statistical relations were evaluated by using the compiled data. The types of water-quality data and geospatial data and the statistical procedures used to analyze these data are described in the following sections.
Water-Quality Data
The water-quality data used in this study were obtained from previous USGS studies and data-collection efforts and pertained primarily to in-stream salt and selenium loads. All data used were derived from water-quality samples that were collected by using standard USGS protocols. Samples were analyzed by using methods described by Fishman and Friedman (1989) . Concentrations of dissolved-solids (salt) and of selenium concentrations along with streamflow at the time of sampling were retrieved from the USGS National Water Information System (U.S. Geological Survey, 1998). These data were used to compute constituent loads, defined as the mass of material flowing past a sampling site during a specific time interval. Salt load is expressed in units of tons per day (ton/d) and selenium load in units of pounds per day (lb/d). Instantaneous loads were calculated from the retrieved water-sample data by multiplying the streamflow (cubic feet per second), the constituent concentration (milligrams or micrograms per liter), and a units-conversion factor. The initial dataset was composed of all USGS salt and selenium data available for the study area; it contained data for 2,998 samples from 231 sample sites. These sites were located on natural streams and on irrigation channels. The number of samples for each site ranged from 1 to 424. Although the periods of record for individual sites differed, the data set encompassed 15 water years, from 1990 through 2004.
Previous assessments of the water-quality data indicated distinct differences in water chemistry during irrigation and nonirrigation seasons (Butler, , 2001 Butler and others, 1996; Butler and Leib, 2002) . Loads were higher during the irrigation season because more water was available to mobilize salt and selenium from porous media and transport these constituents to streams. Therefore, in the current study, loads calculated from the water-quality data were separated into irrigation and nonirrigation seasons. The lengths of the seasons were based on the time during which irrigation water is applied to crops. The irrigation season consisted of the 7-month period from April 1 through October 31, and the nonirrigation season was from November 1 through March 31. Mean seasonal loads at each sampling site were determined by averaging all the instantaneous loads available for each season during 1990-2004 . Streamflow and water quality can be highly variable through time, so these mean seasonal loads probably are not accurate for any specific year; however, for the purposes of this report they are considered adequate to account for major differences among sites.
Each sampling site on a natural stream in the original dataset was used to define an upstream drainage area, or "subbasin." All tributary subbasins were entirely within the study area; however, the headwaters of the Gunnison and Colorado River main-stem subbasins were outside the study area. For these subbasins, the mean seasonal load at the most upstream site on the main-stem river was subtracted from the loads at all downstream sites in order to determine the net load originating within the study area. For example, the most upstream sampling site on the Gunnison River within the study area is below the Gunnison Tunnel (gage 09128000). Mean loads at this site were 546 ton/d for salt and 1.28 lb/d for selenium during the irrigation season (April-October) and 426 ton/d for salt and 0.55 lb/d for selenium during the nonirrigation season (November-March). These loads were subtracted from the mean seasonal loads calculated for downstream sites on the Gunnison River and on the Colorado River downstream from its confluence with the Gunnison. Similarly, mean seasonal loads at the most upstream site on the Colorado River (near Cameo, Colo., gage 09095500) were 4,290 ton/d for salt and 14.5 lb/d for selenium during the irrigation season and 3,050 ton/d for salt and 8.82 lb/d for selenium during the nonirrigation season. These loads were subtracted from the mean seasonal loads calculated for downstream sites on the Colorado River. The resultant mean seasonal loads at these downstream sites could then be attributed to mobilization and transport of salt and selenium within the study area.
Subbasin mean seasonal loads also were adjusted to account for gains and losses of salt and selenium through the irrigation network. A subbasin could gain from irrigation channels if the sum of channel loads leaving the subbasin was less than the sum of channel loads entering the subbasin. Conversely, a subbasin could lose to irrigation channels if the sum of channel loads leaving the subbasin was greater than the sum of channel loads entering the subbasin. Owing to a lack of data accounting for the spatial variability of the hydrologic processes occurring within and between subbasins, characterizing gains or losses in load by irrigation channels for individual subbasins was difficult. In this study, mean annual salt and selenium loads were calculated for all water-quality sampling sites on channels in the irrigation network. The net annual load attributable to the irrigation network within a specific subbasin was calculated as the sum of loads at irrigation-channel inflow sites (B I ) minus the sum of loads at irrigation-channel outflow sites (B O ). Samples were collected only during May and August at these irrigation-network sites. To avoid discrepancies between loads calculated at these sites and loads at the subbasin outlet, a factor v was defined to adjust the net channel load to the maximum percentage attributable to the irrigation network, estimated as the quotient between maximum daily load and the irrigation season mean-daily load:
where L M is a load measured at an irrigation channel site during the month of May, j is the number of water-quality samples collected in May, L A is a load measured at an irrigation channel site in August, k is the number of water-quality samples collected in August, L I is a load measured during the irrigation season at the subbasin outlet, and l is the number of water-quality samples collected during the irrigation season. The net mean-annual load (L b ) attributable to the irrigation network within any specific subbasin was calculated as:
This mean-annual load was then apportioned between the irrigation and nonirrigation seasons. Although salt and selenium loads from the irrigation network occur during irrigation season (April-October), the channels can flow during the nonirrigation season to support livestock. The fraction of L b that occurred in the nonirrigation season was defined as Z, the quotient between mean-daily loads for the nonirrigation season and mean-daily loads for the irrigation season. The meandaily load during the irrigation season was assumed to be the maximum load supplied by irrigation-network water. Loads observed during the nonirrigation season were assumed to represent a part of the maximum contribution. Adjusted irrigation (L Iadj ) and nonirrigation (L NIadj ) seasonal loads at the subbasin outlet were calculated by using the following equations:
where L I and L NI are the mean seasonal loads calculated by using data collected at the subbasin-outlet site. Seasonal loads at seven subbasin outlets were adjusted. Accounting for load brought into a subbasin by the irrigation network resulted in negative adjustments; the load originating within the subbasin was less than the total load observed at the outlet. Accounting for load leaving a subbasin by the irrigation network resulted in positive adjustments. The mean percentage difference between the initial subbasin salt loads and the adjusted salt loads was -116 percent for the nonirrigation season and -27 percent for the irrigation season. The mean percentage difference between the initial subbasin selenium loads and the adjusted selenium loads was -278 percent for the nonirrigation season and -22 percent for the irrigation season. Adjustments were positive at two sites and increased average load about 5 percent. Some sites in the original dataset provided data of limited value to the study and were not used. These included sites with poorly defined drainage areas, such as irrigation network sample sites and sample sites where the measured streamflow consisted solely of water diverted directly from the irrigation network to the stream channel. Defining a subbasin for these sample sites was difficult because of the limited data available to describe the irrigation channels, which have numerous inflows and outflows and traverse along contours and thus cross topographical boundaries. As a result, an irrigation channel can originate in one subbasin (not necessarily confined to the study area) and terminate in another.
In the final dataset, the number of subbasins with data adequate to evaluate loads differed by constituent and season. Data from 78 subbasins were used to evaluate the relations between salt loads and geospatial variables during the irrigation season. Data from 146 sites were used to evaluate the relations between salt loads and geospatial variables during the nonirrigation season. Data from 82 sample sites were used to evaluate the relations between selenium loads and geospatial variables during the irrigation season. Data from 154 samples sites were used to evaluate the relations between selenium loads and geospatial variables during the nonirrigation season.
Geospatial Data
The geospatial data used in this study pertained to physical characteristics, precipitation, geology, land use, irrigation practices, and irrigation channel networks. A geographic information system (GIS) was used to aid in organizing, viewing, and manipulating the geospatial data. The GIS was used for terrain processing (for example, Viger and Leavesley, 2007) , to delineate subbasin boundaries, and to evaluate geospatial variables for each individual subbasin.
Subbasin boundaries were delineated by using landsurface elevation data. Setting accurate boundaries was required in order to determine the spatial extent of the topographic area contributing salt and selenium loads at the sample sites. A digital elevation model (DEM) obtained from the USGS National Elevation Dataset (U.S. Geological Survey, 1999a) was used to define the geographic extent of 168 subbasins ( fig. 2 ). The outlet of each subbasin was determined on the basis of water-quality sample site locations provided by the NWIS database (U.S. Geological Survey, 1998) and stream networks defined by the USGS National Hydrography Dataset (NHD) (U.S. Geological Survey, 1999b).
Manual adjustment of sample-site locations was necessary. Although streams and sample sites would be expected to exist at topographic lows, commonly the National Elevation Dataset, NHD, and NWIS data did not coincide spatially. The NHD was used as the base to which topographic information and sample-site coordinates were forced to conform. The DEM was conditioned within the GIS by using the NHD and methods consistent with Ries and Dillow (2006) . Generally, this conditioning identified elevation values from the DEM that coincided with the NHD stream network and decreased them by a specified amount such that those elevations were forced to be topographic lows. From the resulting DEM, a stream network was delineated and the locations of sample sites were manually adjusted to ensure that their locations coincided with the stream network. Following this conditioning, subbasins were delineated upstream from each sample site. The area of the 168 subbasins ranged from 0.26 to 5,899 mi 2 . The subbasins delineated for each sample site were used as a basis for extracting geospatial variables from larger geospatial datasets of the entire study area.
Physical Characteristics
The physical characteristics of subbasins, which were based on elevation (mean, minimum, maximum, and change) and area, were extracted from the same DEM used to define the subbasins. These physical characteristics can interact with other characteristics to influence the availability, mobilization, and transport of salt and selenium to streams. Higher elevations can receive greater amounts and different types of precipitation (such as rain or snow) than lower elevations. These characteristics can affect how much and where water might be available to transport salt and selenium. The time of year at which snowmelt contributes to percolation or runoff can be a function of the subbasin's aspect. The hillslopes of subbasins whose streams drain south receive more solar radiation than those facing north and, consequently, snow in south-facing subbasins melts earlier and more quickly (Singh and Singh, 2001 ). These differences in timing of snowmelt and depletion of snow cover can influence the amount of water available for percolation. Basin slope influences runoff timing, infiltration, and groundwater gradients (Polubarinova-Kochina, 1962) . Larger subbasins have more area from which to derive loads and thus have the potential to produce greater loads than smaller subbasins.
Precipitation
The amount of precipitation in a subbasin can affect the amount of salt and selenium mobilized and transported to streams. Precipitation in the lower Gunnison River study area increases with elevation and varies spatially as a result of dynamic wind forces and land-surface configuration (figs. 2 and 3). These spatial patterns can be made apparent by using data estimated by the precipitation-elevation regressions on independent slopes model (PRISM) (Daly and others, 1994) .
For this study, mean-monthly data generated by this model were used to generate maps of mean seasonal precipitation (irrigation and nonirrigation seasons) for the study area. The spatial distribution of precipitation was similar in the two seasons ( fig. 3 ). During the irrigation season, precipitation ranged from 5.20 to 20.41 in.; during the nonirrigation season, it ranged from 2.68 to 25.00 in. The mean precipitation received by each subbasin in each season was calculated from these maps by use of the GIS.
Geology
The geologic age, lithology, and geochemistry of rock units in each subbasin can affect the physical availability (abundance and ease of mobilization) of salt and selenium within the subbasin. Certain rock units, such as Cretaceous marine shales in the Western United States, contain abundant salt and selenium (Seiler and others, 1999) . Within a given subbasin, the erosional expression of a particular geologic unit is the net result of its resistance to the local forces of weathering and erosion acting. Different units in the sequence of geologic formations can have distinctively different erosional forms within the study area, such as the steep, narrow valleys along parts of the Gunnison River and the wide, flat valleys of the Colorado River. These differences influence the interactions and transport of available salt and selenium within shallow alluvial aquifers in this study area.
To define the spatial distribution and abundance of potential salt and selenium sources, digital geologic maps of Utah (Hintze and others, 2000) and the Gunnison, Grand Mesa, and Uncompahgre National Forests (Day and others, 1999) were combined into a single dataset. Known correlations and anecdotal correlations described by Butler and others (1996) concerning geochemical and physical properties were used to categorize geologic units into 3 groups and 34 subgroups (table 1) . For example, a subgroup of geologic units (such as subgroup 1.10 in table 1) was created by combining geospatial data for various units of the Mancos Shale (fig. 4) . The percentage of total subbasin area was determined for each geologic subgroup shown in table 1.
Land Use and Irrigation
Numerous investigations have shown that land use influences salt and selenium loads (Butler and von Guerard, 1996 ; U.S. Department of Agriculture, 1997; Bureau of Reclamation, 2009). As vegetation removes water from the soil, it limits the amount of water available to percolate into and interact with bedrock. Different types of vegetation use different amounts of water through the growing season and thus use available water at different rates. The impermeable surfaces typical of residential, industrial, or transportation land uses decrease infiltration. Some of this decrease may be offset by infiltration associated with unlined irrigation ponds and storm catchments, which collect and retain water before it can reach a stream (Mayo, 2008) . Because land use can modify the degree of percolation, it is reasonable to assume that salt and selenium transport also can be influenced.
To ascertain the effect of land use on salt and selenium transport, land uses within each subbasin were analyzed. Geospatial data from "Colorado's Decision Support System-2000 irrigated parcels" (TechniGraphicS, Inc., 2004) were used to define the irrigated land within the lower Gunnison River study area. Evaluation of this dataset provided estimates of irrigated land by subbasin, in units of total area and percentage of subbasin area. This dataset uses 11 crop categories for agricultural land use: alfalfa, corn grain, dry beans, grapes, grass pasture, orchard, small grains, sod farm, sunflowers, vegetables, and wheat. The irrigated lands within the study area typically are near streams and close to an irrigation network ( fig. 1 ).
Irrigation Water Application
Complicating the effects of vegetation on salt and selenium transport is the timing and amount of irrigation application, which changes physical and chemical hydrogeologic processes. Various irrigation methods can result in different amounts of percolation. Colorado's Decision Support System irrigated-lands dataset (TechniGraphicS, Inc., 2004) specifies crop type and irrigation method for each irrigated-lands area.
Data that quantify the amounts of irrigation application are not directly available; however, by using the available geospatial data, these amounts can be estimated. Several assumptions were built into the estimates used for this report:
(1) irrigation water is applied to maximize potential yield for the specified crop (that is, irrigation water is applied to fully meet the consumptive water use of each crop without any excess or deficit);
(2) each irrigation method has a quantifiable efficiency; (3) consumptive water use of each crop is linearly related to the length of the growing season (thus irrigation application will be greater in areas with more frost-free days); and (4) effective precipitation (precipitation during the growing season that infiltrates the soil within the root zone of the crops) directly reduces the amount of irrigation water needed to maximize the yield of each crop.
A method for estimating the amount of irrigation application that conforms to these assumptions is available from the Colorado State University Cooperative Extension Service (Broner and Schneekloth, 2003) . The water applied to each crop is estimated by using the following equation: 
where H is the climate-station elevation (in feet) ( fig. 5 ). Frostfree days were determined for each climate station by using information available from the National Climatic Data Center (2005) . The values used were those that indicated no more than a 10-percent probability that the temperature would drop below 32 degrees Fahrenheit. Climate-station elevation ranged from 3,390 to 11,320 ft, and the frost-free period at a given climate station ranged from 56 to 212 days. The mean effective precipitation, P in equation 5, was calculated for nine towns in Colorado (Cortez, Delta, Durango, Fruita, Gunnison, Meeker, Monte Vista, Norwood, and Salida; fig. 1 ) by using data provided in Broner and Schneekloth (2003) Agriculture Soil Conservation Service (1988). Mean effective precipitation ranged from 3.80 to 8.34 in., whereas mean precipitation ranged from 7.25 to 18.59 in. On the basis of these data, a regression model ( fig. 6 ) was calibrated to relate mean effective precipitation (P) with mean total precipitation (P R ), both in inches, during the growing season. By use of these relations, mean effective precipitation for any site in the study area can be estimated from mean precipitation by using the following equation: .
Equations 5, 6, and 7 provide a means for estimating the amount of irrigation water applied to areas with a specific crop type and irrigation method. Total irrigation application (I T , in acre-feet) within a given subbasin was calculated by summing the irrigation requirements for areas with each combination of crop and irrigation method: where A ij is the area of crop i irrigated by using method j (in acres), and I ij , is the amount of irrigation water applied to crop i by using method j (in inches), obtained from equation 5. Application required for various crops ranged from 0.2 to 2.3 acre-feet (acre-ft) ( fig. 7 ).
Irrigation Channels
Irrigation channels (canals and laterals) can lose water by seepage through the wetted surface of the channel bed and thus increase groundwater volume (Butler and others, 1996) . The amount of seepage leaving a given irrigation channel is highly variable and depends on relative groundwater gradient, soil texture and transmissivity, permeability of the channel-bed sediments, and the magnitude, timing, and duration of flow. Complicating this inherent variability, the design of a channel, specifically its cross-sectional dimensions and area, produces variations in flow capacity and wetted perimeter. Potential seepage losses within individual subbasins were evaluated by estimating the total wetted area of unlined irrigation channels.
Wetted perimeter (C, in feet) of an irrigation channel was estimated by regression on channel flow capacity (Q, in cubic feet per second). Geospatial data representing the irrigation .
In order to simplify the geospatial analysis, channels were grouped into three categories on the basis of flow capacity: type I, 1-100 cubic feet per second (ft 3 /s); type II, 101-300 ft 3 /s; and type III, 301-850 ft 3 /s. These categories were selected on the basis of the availability of flow data for each channel and the availability of channel wetted perimeters measured in channels within these three ranges of flow. Mean wetted perimeter for each category was computed by using equation 9, with Q equal to the midpoint of the range in flow capacity. The total wetted area of channels (CA T ) in a subbasin was calculated:
, (10) where T i is the total length (in feet) of all unlined type i channels in the subbasin, C i is the wetted perimeter for channel type i (in feet), and R is a constant used to convert units from square feet to acres (2.29 x10 -5 ). Lined sections of irrigation channels were assumed to have no seepage, so they were not included in the calculation of total channel length.
Statistical Procedures
Geospatial variables were evaluated for subbasins upstream from each water-quality sample site. Each variable was evaluated for its relation with the mean seasonal salt and selenium loads estimated at the subbasin outlets. The values of geospatial variables ranged widely among subbasins. For example, subbasin area ranged from about 170 to more than 3,700,000 acres, and precipitation during the irrigation season ranged from 5.49 to 18.98 acre-ft. To minimize the disparity of geospatial variable values, they were logarithmically transformed. In order to avoid undefined transformations (for values of zero), a 1 was added to each value for all variables that had zero values in their range. The transformed values for each geospatial variable were used in simple linear regression analyses with mean seasonal salt and selenium loads. Regression coefficients were determined by using the weighted least-squares method (Helsel and Hirsch, 1992) . Weights were based on the number of water-quality samples used to calculate the seasonal load for each subbasin.
The significance of relations between individual geospatial variables and the various salt and selenium loads was used to select candidate variables for multiple regression models. Separate models were developed for salt and selenium loading and for the irrigation and nonirrigation seasons. Each model was developed by using a stepwise procedure. Plots of residuals were analyzed to subjectively assess the occurrence of desirable characteristics such as homoscedasticity (similarity of variance) and normal distribution. These conditions help ensure that outliers did not influence the model. upper limit of 0.01 was the first criterion used to select variables for inclusion in the stepwise approach. Additional variables were included in multiple-linear regression models until no gains in statistical significance of a model were achieved. Once the qualifying variables were selected, a step-backward approach further refined the models. By evaluating all possible combinations of variables and recording the corresponding statistics, the influence of individual variables on model performance was evaluated. Optimal groupings of various explanatory variables were assessed and used to establish four models to estimate irrigation-season salt load, nonirrigation-season salt load, irrigation-season selenium load, and nonirrigation-season selenium load. Selection of final variables for each model was based on obtaining a coefficient of determination (R 2 ) greater than or equal to 0.70 and an overall p-value less than 0.05. Root-mean-square (standard) error and residual characteristics, such as homoscedasticity and normal distribution, also were considered. In addition, the leverage and influence of each subbasin were calculated for each model to identify sites exerting unrealistic influence on the models. Explanatory variables that result in either very low or very high values in the x direction have high leverage and can affect the slope of the regression (Ott and Longnecker, 2001) . A high leverage point that corresponds with an outlier in the y direction is a point that has high influence (Ott and Longnecker, 2001 ). Leverage was calculated by using the leverage statistic h i and influence by using the DFFITS i statistic as defined by Helsel and Hirsch (1992) . Different combinations of explanatory variables change the leverage and influence each sample site had on a regression equation. Models were selected such that sample sites had neither high leverage nor high influence as defined by Helsel and Hirsch (1992) .
Once each regression equation was determined, it was necessary to evaluate how well the model estimated observed loads. The 95-percent prediction intervals for salt and selenium load estimates were determined by using equations defined by Helsel and Hirsch (1992) . Observed loads (calculated from the measured water-quality data) for each subbasin were compared with these interval estimates.
Relation of Salt and Selenium Loads to Geospatial Characteristics
The relation between seasonal constituent loads and subbasin geospatial characteristics was evaluated by regression analysis by using 103 geospatial variables (appendixes A and B). Of these variables, 46 were expressed in units of both area and percentage of subbasin area. For each of the four response variables (salt and selenium loads during the irrigation and nonirrigation seasons), relations were statistically significant (p less than 0.01) for more than one-half of the explanatory geospatial variables: 67 variables for salt load during irrigation season, 71 for salt load during nonirrigation season, 66 for selenium load during irrigation season, and 71 for selenium load during nonirrigation season (appendixes A and B).
All geospatial variables with units of area had statistically significant relations with load. A few variables, in units other than area, had significant relations with load. These variables represented the subbasins' physical characteristics, such as elevation, precipitation, geology, land use, irrigation water applied, and irrigation channels. Maximum and minimum elevation and change in elevation were significantly related to irrigation and nonirrigation season salt and selenium loads. Mean subbasin elevation was significantly related to only the nonirrigation season loads. Subbasin precipitation was significantly related to nonirrigation season loads of salt and selenium. Of the 34 subgroups of geologic units, 7 (subgroups 3.2, 3.1, 1.10, 1.9, 1.7, 1.5, and 1.4 (table 1)) were significantly related to salt and selenium loads, in percentage of subbasin area, during both the irrigation and nonirrigation seasons. These seven subgroups of geologic units can be divided by age and rock type into two general categories: Cretaceous marine shale, which had a positive correlation with loads, and Jurassic and older sandstone, which had a negative correlation with loads. Irrigation water applied, in acre-feet per subbasin, was the most strongly significant explanatory variable in units other than area.
Several geospatial variables were significantly related to loads but were of limited extent in the lower Gunnison River study area. For instance, groups of geologic units composed of Jurassic and older sandstones are found only in the westernmost part of the study area, contain little salt or selenium, and contribute little water to streams. These variables were not considered as candidate explanatory variables for multiple-regression models. Similarly, some crops, such as grapes, were not grown in every subbasin and, where they were grown, they occupied a very small percentage of the total subbasin area (less than 0.02 percent). Thus, environmental processes related to growing these crops probably would have a very limited influence on salt or selenium loads. Because the significance of crop-specific land-use variables and irrigated land-use in general were not consistent, and because groups of geologic units associated with Mancos Shale were significant, these variables were combined to form a new variable representing the area of Mancos Shale that was irrigated within a subbasin.
Salt and Selenium Loading Models
Different groupings of explanatory variables were assessed in a stepwise manner and the optimum groupings were used to establish four models that could estimate the following: irrigation-season salt load (S I ), nonirrigation-season salt load (S NI ), irrigation-season selenium load (Se I ), and nonirrigationseason selenium load (Se NI ). The final models incorporated patterns that began to emerge during development of the model. The variables with the strongest statistically significant correlation with salt and selenium loads, when combined into multiple-linear-regression models, were subbasin area (in acres), area of irrigated Mancos Shale in the subbasin (in acres), area of irrigation channels in the subbasin (in acres), irrigation water applied (in acre-feet), precipitation during the irrigation season (in inches), and precipitation during the nonirrigation season (in inches). Although precipitation during the irrigation season was not significantly related to irrigation-season salt or selenium loads, the stepwise process indicated that its inclusion in the final models helped explain some of the variability of loads. Some of the effect of these variables on simulated loads is, admittedly, a result of the range of their values being connected to the area of their subbasin: smaller values occur in smaller subbasins and larger values occur in larger subbasins. Although this fact does not limit the utility of the models, it does pose a problem when one tries to determine why subbasins of similar size and streamflow produce different loads.
The four regression models and their associated variables are presented below: 
where: SA is subbasin area (in acres), IM is area of irrigated Mancos Shale in the subbasin (in acres); CA T is the estimated wetted area of unlined irrigation channels in the subbasin (in acres), from equation 10; I T is the estimated amount of irrigation application (in acre-feet), from equation 8; PI is irrigation season precipitation (in inches), and PNI is nonirrigation season precipitation (in inches). Various statistics for these models are listed in table 2. The distribution of residuals was reasonably homoscedastic and normal for each model, and there were no sites that had either leverage or influence in any model. Estimated salt and selenium loads would be expected to be similar to observed loads (calculated from the measured water-quality data) for any given subbasin if the models accurately represent loading processes. Salt and selenium data obtained during a period of several years provide a range of load values for each sample site. To discern the effectiveness of the models at estimating seasonal loads, 95-percent prediction intervals were calculated for loads estimated by using each model ( fig. 9 ). Estimates outside the prediction interval were consistently linked with subbasins for which seasonal loads were determined from a single sample rather than as the mean of several samples. The width of the prediction intervals was generally about two orders of magnitude. This large range of uncertainty may be inadequate to estimate loads at individual points, but the intervals are considered to be adequate to identify, or rank, subbasins in terms of relative salt and selenium contribution within the lower Gunnison River study area. 
EXPLANATION
Possible Improvements in Statistical Methods and Models
Considerable latitude exists for improving the input datasets and refining the statistical models used to evaluate relations between geospatial variables and salt and selenium loads. New geospatial datasets such as those related to soils, surficial geology, evapotranspiration, and irrigation may provide better statistical relations with salt and selenium loading. Refinements of current geospatial data, such as improvements in representing irrigation channels, estimating amount of irrigation application, or delineating land use, might also be beneficial because these geospatial data are already used in the models. With respect to the models, more robust methods of limiting the disparity between explanatory variable values might be used (such as data transformations and data centering; Helsel and Hirsch, 1992) .
To facilitate management decisions, a graphical user interface might be developed to easily identify the estimated load from a given area. The interface might include scenario tools for examining how changes in resource management might affect salt and selenium loading. Management practices could include lining irrigation channels, converting land to a different land use, or using a different method of applying irrigation water. Additionally, the possible effects of climate change, such as changes in the amount and temporal distribution of precipitation could be examined. These future products might help provide resource managers with the tools necessary to understand the factors influencing salt and selenium loading and help indicate where salt and selenium control projects might be most effective.
Summary
Elevated loads of salt and selenium can reduce the quality of water for both anthropogenic and natural uses. An understanding of the environmental processes controlling how salt and selenium are introduced to streams is needed to help manage and mitigate the effects of those elevated loads. The principal processes by which salt and selenium are introduced to the hydrologic environment are the dissolution of salts from porous media and the oxidation and mobilization of selenium from bedrock by groundwater. In areas of the Upper Colorado River Basin of western Colorado, irrigation has become prevalent as land cover has been converted from native vegetation to agricultural crops. Complex surface and subsurface processes that influence the amount of salt and selenium gained by streams make it difficult for land managers to prioritize implementation of salinity-control practices.
The USGS, in cooperation with the Bureau of Reclamation, investigated statistical relations between seasonal loads of salt and selenium emanating from the Upper Colorado River Basin and geospatial characteristics. Geospatial datasets were evaluated for 168 subbasins within parts of the Gunnison and Colorado River Basins composing the lower Gunnison River study area. Geospatial variables derived from these datasets represent basin physical characteristics, precipitation, geology, land use, and the irrigation network. These variables were evaluated in comparison to salt and selenium loads calculated by using water-quality data at corresponding sample sites. All geospatial variables with units of area had statistically significant relations with salt and selenium loads at subbasin outlet sites. The few variables in units other than area that were statistically significant helped to identify processes that might influence salt and selenium loading. By using geospatial variables that had the most significant relations with seasonal loads of salt and selenium, multiple-linear regression models were developed to estimate loads from subbasins in the lower Gunnison River study area.
Considerable latitude exists for improving the input data sets and refining the statistical models used to evaluate relations between salt and selenium loads and geospatial variables. Additionally, a graphical user interface might be developed to easily identify the estimated load from a given area and estimate the effects of potential resource management decisions. These future products might help provide resource managers with the tools necessary to understand the factors influencing salt and selenium loading and help indicate where salt and selenium control projects might be most effective. 
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